The effect of Vespa amino acid mixture (VAAM) on the release of lipolytic products was examined in isolated rat adipocytes. Concentrations of 112.5 to 225 ppm of VAAM showed significantly greater release of non-esterified fatty acids (NEFA) and glycerol than the same concentrations of casein amino acid mixture (CAAM). The integrated relative release of NEFA and glycerol was lower in response to individual administration of amino acids comprising VAAM than to VAAM itself. Further, amino acids mixtures deficient in a single amino acid comprising VAAM showed significantly lower release of lipolytic products than VAAM. These data suggest that the synergistic effect of VAAM on the release of lipolytic products is a function of concurrent exposure to the unique composition of amino acids found in VAAM as compared to the effect of exposure to the same individual un-mixed amino acids or to a mixture lacking one of the amino acids comprising VAAM.
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In the control of metabolism, it remains to be established whether mixtures of amino acids participate in physiological activation. Some organisms, such as hornets, that are entirely carnivorous in nature directly utilize amino acid mixtures as foods, 1) and they satisfy their requirement for food by an exchange between bulk proteins captured by adults and an amino acid mixture produced by larvae fed on meat. This special amino acid mixture, referred to as Vespa amino acid mixture (VAAM), is transferred to the adults through the larval mouth 1) and is thought to stimulate the lipolysis of body fat accumulated during the larval stage. Mice administered VAAM exhibit increased swimming duration and accelerated lipolysis and fat oxidation. 2, 3) Administration of VAAM to running rats maintained a balance of homeostasis in serum amino acids and increased the serum level of non-esterified fatty acids (NEFA). 4) VAAM treatment has also been found to cause the release of NEFA from rat adipose tissue slices. 5) In humans, the respiratory exchange ratio is decreased by VAAM administration. During exercise, the serum levels of NEFA and ketone bodies increase and amino acid homeostasis is maintained. 6, 7) A series of wholebody and tissue experiments revealed that VAAM activates lipolysis and fat oxidation, but the effects of amino acids and of amino acid mixtures such as VAAM on adipocytes have not been reported. Recently, Ogasawara and Abe (2008) reported the lipolytic effects of amino acid mixtures such as VAAM on isolated adipocytes. 8) In that study, the glucose-containing medium hampered the fine analysis of lipolytic activity by the amino acids. It is well known that glycolysis produces glycerol, and that this reduces the NEFA concentration by the induction of lipogenesis. Hence, in the assay of the lipolytic activity of amino acids, it is essential to remove glucose from the incubation medium. In the present study, we established assay conditions for measurement of the release of lipolytic products from adipocytes in the absense of glucose. Because isolated cells behave differently from those in tissues, the study was finally designed to determine whether VAAM directly induces lipolysis in isolated rat adipocytes by functioning as an activator of fat metabolism. By identifying the physiological function of a set of amino acids at the cellular level, the present study suggests a new concept in cell physiology and nutrition.
Materials and Methods
Animals. Male Wistar rats (SPF), 8-10 weeks old, were purchased from Japan SLC (Shizuoka, Japan). The rats were reared in a clean room at 24 C under a 12-h light-dark cycle and fed ad libitum. They were fed CRF-1 (Oriental Yeast, Tokyo) containing 7.8% moisture, 22.4% crude protein, 5.7% crude fat, 6.6% crude ash, 3.1% crude fiber, and 54.5% nitrogen-free extract, and with 1,502 kJ/100 g of energy. The rats were treated in accordance with the World Medical Association Declaration of Helsinki (1975) , and the experimental plan was reviewed and approved by the Wako Animal Experiment Committee of RIKEN. The rats were rapidly euthanized by bleeding from the abdominal aorta following ether anesthetization, and epididymal fat pads were collected for the preparation of adipocytes.
Amino acids. All L-amino acids were purchased from Wako Pure Chemical Industries (Osaka, Japan). Amino acid mixtures, VAAM and casein amino acid mixture (CAAM), were prepared in the compositional ratios described by Abe et al., 3) and were analyzed for amino acid composition using a Hitachi L-8500A amino acid analyzer (Hitachi High Technologies, Tokyo) ( Table 1) .
Isolation of adipocytes. Adipocytes were isolated from one or two rat epididymal fat pads by a modified version of the collagenase digestion method of Rodbell. 9) Fat pads weighing approximately 3 g were minced at room temperature and incubated at 37 C for 30 min with shaking in an isolation medium of KrebsRinger bicarbonate buffer (KRB) containing 137 mM NaCl, 5 mM KCl, 4.2 mM NaHCO 3 , 1.3 mM CaCl 2 , 0.5 mM MgCl 2 , 0.5 mM KH 2 PO 4 , 0.5 mM MgSO 4 , 30 mM HEPES (pH 7.4), 1 mg/ml of collagenase type I (Worthington Biochemicals, Lakewood, NJ), 5.5 mM glucose, 200 nM adenosine (Wako), and 1% fatty acidfree bovine serum albumin (BSA) (Sigma, St. Louis, MO). The dispersed tissue was filtered using a nylon mesh (250 mm) and washed with collagenase-free isolation medium. The collected cells were preincubated with collagenase-free isolation medium for 30 min. Cell numbers and the mortality of the isolated adipocytes were determined by the trypan blue staining method.
Assay of lipolysis induced by VAAM, CAAM, and glucose in adipocytes. Isolated adipocytes were washed with an incubation medium composed of KRB and 4% fatty acid-free BSA. Incubation media (0.5 ml) containing 0:8{3 Â 10 5 cells and 0-1,800 ppm of VAAM or CAAM or 0-5 mM glucose were incubated for 0-120 min at 37 C. Incubation media containing 0 ppm or 0 mM substrate as blank (DW) were replaced with KRB and 4% fatty acid-free BSA. After incubation, the NEFA and glycerol contents in the cell-free incubation medium were enzymatically assayed using a Determiner NEFA 755 (Kyowa Medex, Tokyo) and Free Glycerol Reagent (Sigma) respectively.
Evaluation of adipocyte viability. Adipocytes (3 Â 10 5 cells/tube) suspended in the incubation medium were incubated with 1,800 ppm of VAAM or CAAM, 2 mM glucose, or DW for 60 min, followed by the addition of tetrazolium salt (WST-8) (Cell Counting Kit-8; Dojindo Laboratories, Kumamoto, Japan). The cells were then incubated for a further 60 min. The cell viability was determined by measuring the absorbance at 450 nm.
Comparative study of lipolytic activity induced by VAAM, CAAM, and individual amino acids. The incubation medium containing adipocytes (2 Â 10 5 cells/tube) was incubated with 225 ppm of VAAM, CAAM, single amino acids, or one amino acid-deficient VAAM. Release of NEFA and glycerol was assayed as described above. As shown in Table 2 , the relative activity (%) of NEFA or glycerol release by individual amino acids was calculated as the percent activity 
relative to VAAM (A). The content (B, mmole/0.5 ml) of each amino acid in the tube was calculated as the concentration of each amino acid (225 ppm) divided by the molecular weight of each amino acid, multiplied by 0.5 ml. The specific activity in moles for each amino acid (C) was obtained as A/B. In the case of VAAM, the compositional Mol % of each amino acid (D, Table 1 ) was converted to weight composition (E). The total weight based on weight composition (E) was determined to be 123.4 mg. The actual amount of VAAM in the tube was 112.5 mg (0.5 ml at 225 ppm); therefore, the moles (F) of each amino acid in 112.5 mg of VAAM was calculated as 112.5/123.4 Â D Ä molecular weight of each amino acid. The calculated activity (G) was obtained by multiplying the specific activity (C) by the actual compositional Mol % in the incubation medium containing 112.5 mg of VAAM (F). The total of calculated activity (G) was shown as the sum of relative activities (89.3%) compared to the relative activity of VAAM (100%) in A. The calculation method described for VAAM was used also for CAAM. The glycerol activity shown in Table 2 was calculated in the manner described above for NEFA. The relative activities of CAAM and one amino acid-deficient VAAM were calculated as a percentage relative to VAAM (Table 3) .
Statistical analysis. The results are shown as the mean AE SD. Statistical difference between means was assessed using a two-tailed Student's t test or Welch's t test by JMP (SAS Institute, Cary, NC). Tukey-Kramer comparison was used for pairwise comparisons between multiple groups. Dunnett's test was used to compare multiple groups with the VAAM group. Differences at p 0:05 were considered to be significant.
Results

Determination of optimum conditions for the incubation medium
The release ratio of NEFA to glycerol was approximately 3 in the glucose-free incubation medium ( Fig. 1) . It is suggested that fat (triacylglycerol) is hydrolyzed to 3 moles of fatty acids and 1 mole of glycerol. The release of NEFA showed a hyperbolic decrease at a glucose concentration of 5 mM glucose, equivalent to the blood glucose level. In contrast, the release of glycerol exhibited an almost symmetrical increase. The ratio of NEFA to glycerol significantly decreased, from 3 to 0.8. These results suggest suppressive effects of glucose on lipolysis. Thus, glucose in the incubation medium strongly influenced lipolysis.
In order to develop an assay to measure NEFA and glycerol release, it is essential to determine whether adipocytes can survive in a glucose-free incubation medium. As shown in Fig. 2 , adipocytes in incubation media containing VAAM, CAAM, or glucose showed survival rates similar to those in media containing DW. In the case of the medium with VAAM containing glutamine (9.4 Mol %), NEFA and glycerol release were similar to that in the medium with VAAM alone. These results suggest that VAAM, CAAM, and amino acids maintain the survival of adipocytes during incubation in the same manner as glucose (Fig. 3) . Based on these results, assays measuring the release of lipolytic products were carried out using a glucose-free incubation medium containing VAAM, CAAM, or amino acids.
Determination of the optimum cell number for assay of lipolytic products was conducted in incubation media containing VAAM or CAAM. Cell concentrations ranging from 0.8 to 3 Â 10
5 cells/tube were tested (Fig. 4) . For all cell concentrations, the release of both The test was performed under incubation conditions of DW, 1,800 ppm of CAAM or VAAM, or 2 mM glucose (n ¼ 4 each). Different letters denote significant differences (p < 0:05). Data are shown as the mean AE SD. Details are described in ''Materials and Methods.'' NEFA and glycerol was higher in the incubation medium containing VAAM than in the medium containing CAAM, and the differences were statistically significant at cell concentrations of 1 Â 10 5 , 2 Â 10 5 , and 3 Â 10 5 cells/tube. Differences in glycerol release in the incubation media containing VAAM or CAAM were also significant at cell concentrations of 0:8 Â 10 5 , 2 Â 10 5 , and 3 Â 10 5 cells/tube. Thus we determined that the optimum cell number for assay was 2 Â 10 5 cells/tube on the basis of the degree of significant difference (p < 0:01) and the small range of error in the values at this concentration.
A time course study of NEFA and glycerol release was performed in incubation media containing VAAM or CAAM using 2 Â 10 5 cells/tube (Fig. 5 ). NEFA and glycerol release were constantly higher in the incubation medium containing VAAM than in that containing CAAM, and significant differences were observed at 60, 90, and 120 min. These data reveal that an incubation period of 90 min was suitable for conducting the assays. Effects of VAAM and CAAM concentrations on NEFA and glycerol release from adipocytes
The effects of VAAM and CAAM concentrations on the release of lipolytic products from adipocytes were investigated (Fig. 6) . Lipolytic activity was observed in the incubation medium containing low concentrations of VAAM (<112:5 ppm). NEFA release from adipocytes after treatment with various concentrations of VAAM and CAAM was consistently higher in the incubation medium containing VAAM than in that containing CAAM (Fig. 6A) . The maximum release of NEFA was 225 and 450 ppm for VAAM and CAAM respectively. NEFA release differed significantly between VAAM and CAAM at concentrations ranging from 112.5 ppm (p < 0:05) to 225 ppm (p < 0:01, maximum difference). Glycerol release showed a pattern very similar to NEFA release (Fig. 6B) . Both NEFA and glycerol release decreased slightly with increases in the concentrations of VAAM and CAAM; the decrease in lipolytic product release at all CAAM concentrations was greater than that at any VAAM concentration. These data indicate that the optimum concentration of VAAM and CAAM for the release of NEFA and glycerol is 225 ppm.
Comparative study of NEFA and glycerol release with and without glucose using VAAM, CAAM, and DW
The effects of VAAM and CAAM at 225 ppm on NEFA and glycerol release were compared (Fig. 7) . Incubation in the medium containing VAAM resulted in the release of significantly higher concentrations of NEFA than in that containing CAAM or DW (Fig. 7A) . Glycerol release also increased progressively after treatment with VAAM and CAAM (Fig. 7B) . VAAM treatment resulted in a significantly higher release of NEFA and glycerol than did CAAM treatment. The molar release ratio of NEFA to glycerol was 2.0 for DW (15.1/7.7), 1.9 for CAAM (15.4/8.2), and 2.2 for VAAM (20.1/9.2). Thus the NEFA to glycerol release ratio showed a very similar pattern for VAAM and CAAM, but was significantly higher for VAAM Incubation medium containing 225 ppm of VAAM, CAAM, or DW and 2 Â 10 5 cells/tube of adipocytes in glucose-free or glucosecontaining medium was incubated at 37 C for 90 min. The release of NEFA (A) and glycerol (B) was measured (n ¼ 6 each). Data are shown as the mean AE SD. Different letters denote significant differences (p < 0:05). Details of the treatment procedure are described in ''Materials and Methods.'' (p ¼ 6:5 Â 10 À5 ; n ¼ 21). NEFA and glycerol release in the medium containing VAAM was significantly higher than in that containing DW or CAAM. In the medium containing glucose, NEFA release was extremely low, and the mean values among VAAM, CAAM, and DW were very similar (Fig. 7) . Glycerol release in the glucose-containing medium increased by more than that in glucose-free medium. Release with VAAM was significantly higher than with CAAM or DW. This result is the same as that reported in our previous study. These results obtained for adipocytes are also very similar in tendency to those obtained for the sera of exercising mice and rats.
2,3)
Synergistic effect of individual amino acids that comprise VAAM on lipolytic activity
In all experiments, VAAM consistently showed higher lipolytic activity than CAAM. In order to clarify the reason VAAM always showed higher lipolytic activity, the release activity of lipolytic products mediated by individual amino acids that comprise VAAM was measured in the same manner as that for VAAM and CAAM. Compared to VAAM, the relative activity of NEFA release by individual amino acids was highest for isoleucine (112.8%), and significantly low for methionine (66.8%) ( Table 2 ). With the exception of valine and isoleucine, the other amino acids showed low releasing activity as compared to VAAM ( Table 2 ). The relative activity of glycerol release by individual amino acids was in the same range as that for glycogenic amino acids, such as glutamic acid, proline, and glycine, and ketogenic amino acids, such as isoleucine and tyrosine (Table 2 ). Glycerol release activity was lowest in a medium containing methionine (66.5%). The calculated relative activities for NEFA and glycerol release by individual amino acids were integrated based on the amino acid composition of VAAM and CAAM. The integrated value for NEFA release calculated from individual amino acid treatment was 89.3% for VAAM and 88.1% for CAAM (VAAM = 100%, CAAM = 81.0%) ( Table 2 ). Thus NEFA release by VAAM treatment was 10.7% higher than the integrated value for NEFA release induced by treatment with individual amino acids. In contrast, NEFA release induced by CAAM treatment was 7.1% lower than the integrated value for NEFA release induced by individual amino acid treatment. In the case of glycerol release, the integrated values for VAAM and CAAM were 92.2% and 90.8% respectively. Thus glycerol release in response to VAAM and CAAM treatment was 7.8% and 3.1% higher respectively than that calculated for their individual constituting amino acids. These data suggest that the mixture of amino acids in VAAM synergistically increases the releasing activity as com- Data are shown as the mean AE SD. VAAM (n ¼ 42), CAAM (n ¼ 41), each amino acid (n ¼ 6). Ã Significant difference (p < 0:05) as compared to VAAM. Experimental procedures and the calculation process for the calculated activities are described in ''Materials and Methods.'' pared to the individual amino acids. The various amino acids present in VAAM appear to function in synergy, which is probably attributable to the compositional ratio.
Comparative study of lipolytic activity in one amino acid-deficient VAAM In order to obtain a mixture with an amino acid composition highly similar to the composition of VAAM, an experiment was performed using compositions lacking one amino acid of the various amino acids that comprise VAAM. The lipolytic activity of a given amino acid-deficient VAAM (deficient VAAM) was compared to that of complete VAAM (Table 3 ). All deficient VAAMs exhibited lower NEFA and glycerol release than complete VAAM. NEFA release was significantly lower after treatment with deficient VAAM lacking glycine or alanine. On the other hand, glycerol release was significantly lower after treatment with deficient VAAM lacking threonine, glycine, alanine, lysine, or arginine. These results suggest that the unique amino acid composition of VAAM has a synergistic effect on lipolytic activity. The results obtained for adipocytes are very similar to those obtained for the serum NEFA of swimming mice.
Discussion
It is thought that glucose is an essential component of the incubation medium for adipocytes. Hence our previous study of adipocytes was performed using a glucose-containing medium. 8) In this study, the presence of glucose in the incubation medium caused problems in the measurement of lipolytic activity induced by amino acids. It was found that glucose increases glycerol release but suppresses NEFA release. In general, living cells use glucose as an energy source. When adipocytes metabolize more glucose than fat as an energy source, fat hydrolysis decreases. This observation suggests that either lipolysis is suppressed by glucose due to a change in the cellular energy source from fat to glucose, or that fat synthesis is activated by glucose in adipocytes. On the other hand, glucose has been found to stimulate the hydrolysis of triacylglycerol 10, 11) and to activate the re-esterification of NEFA. 10) Our experiments yielded a similar result. Therefore, in order to determine the effects of amino acids on the release of lipolytic products from adipocytes, it was essential to remove glucose from the incubation medium. Hence we investigated the effects of glucose concentration on adipocytes, compared the effects of the presence and absence of glucose, determined cell viability and optimum cell number, and eventually obtained the conditions of adipocyte survival in a glucose-free medium. The data suggest that adipocytes probably use amino acids effectively as an energy source. Using these data, we established a set of assay conditions for measurement of the release of lipolytic products from adipocytes using a glucose-free incubation medium.
Amino acids are consumed in the form of proteins, and are liberated in the digestion process to form individual amino acid molecules. They support cellular functions, primarily as nutrients used as energy sources or building blocks for the synthesis of other cellular components. Free amino acids exhibit few physiological activities within the cell, and their effects are usually exerted under conditions of high concentration. In lipid metabolism, arginine decreases fat mass in obese rats, 12) and leucine has been shown to stimulate protein synthesis. 13, 14) Leucine, 15, 16) alanine, aspartate, glycine, methionine, phenylalanine, and valine all stimulate the secretion of leptin in adipocytes. 16 ) VAAM dramatically affects lipolysis in vivo, 2, 4, 6, 7) and its effects have also been studied in vitro.
5) Based on the data from these in vivo and tissue studies, the effects of VAAM might account for the increase in serum NEFA levels. The experiments using rat adipocytes indicated that VAAM can induce lipolysis by releasing NEFA and glycerol directly. However, in those experiments, the synergistic effect of VAAM on adipocytes was found to be significant at an approximate concentration of 100 ppm VAAM. This low-concentration efficacy indicates that the effect of VAAM is induced not only via a nutritional process but also via a type of signal or information transfer process.
A comparison of the compositional characteristics of VAAM and CAAM revealed that VAAM is rich in proline and glycine, whereas CAAM is rich in glutamate, but the amounts of ketogenic amino acids in VAAM and CAAM are similar, 20.5 Mol % and 23 Mol % for VAAM and CAAM respectively. The percent compositions of glycogenic amino acids in VAAM and CAAM are also similar. Based on the similar compositional characteristics of ketogenic and glycogenic amino acids in VAAM and CAAM, it is reasonable to expect that these mixtures exert the same 17, 18) The release activity of lipolytic products mediated by a single amino acid was measured and compared with that mediated by amino acid mixtures. For both NEFA and glycerol release, the calculated lipolytic activity of VAAM based on the individual effects of each amino acid was lower than the activity of the mixture. This probably indicates that the amino acids induce a synergistic effect when they occur in a mixture, the total effect being greater than the sum of the contribution of the individual amino acids. In the case of treatment with deficient VAAM, i.e., VAAM lacking one amino acid, lipolytic activity lower than that induced by complete VAAM was observed. These results suggest that the synergistic effect of VAAM depends on the peculiar amino acid composition of the mixture. VAAM stimulated the release of lipolytic products to a greater extent than CAAM. This is presumably because the synergistic action of the amino acid comprising VAAM shows better balance for the lipolytic action. These data corroborate results obtained previously in whole-body and fat-tissue studies, 2-7) but we know that the functional responses and metabolism of isolated adipocytes differ entirely from those of fat tissue and of an organ in the body. Hence the experimental results obtained for adipocytes cannot always be evaluated in terms of tissue metabolism, particularly that of amino acids. Thus, even though a complicated amino acid mixture such as VAAM can exhibit a synergistic effect in isolated adipocytes, this effect is not necessarily reproduced in vivo at the whole-body level. The data obtained in this study indicate that VAAM has a lipolytic function in adipocytes. Further, from a conceptual perspective, it also suggests that an amino acid mixture controls cellular functions.
Finally, it should be acknowledged that the behavior of isolated adipocytes differs entirely from that of adipocytes in vivo, since the behavior of adipocytes in vivo is controlled via blood vessels. If we focus on the nutritional conditions of adipocytes in vivo rather than on receptors, it has to be considered that the transfer of nutrients, particularly amino acids, from vessels to adipocytes is modified by active transport. Taking into consideration the release of contact inhibition and the change in nutritional status following dissociation from blood vessels, it is to be assumed that isolated adipocytes behave quite differently to those in vivo. It is difficult to estimate the activities of adipocytes in vivo using isolated cells. In our experiment using isolated adipocytes, functional analysis of lipolysis induced by an amino acid mixture was carried out by using VAAM which has lipolytic activity in the whole body. However, the amino acid composition of vessels in vivo might be completely different to the amino acid composition of VAAM. Nevertheless, it is noteworthy that VAAM exhibits similar functional direction of lipolytic activity in isolated adipocytes, fat tissues, and the whole body.
